Background: Adipogenesis of adipocytes includes two stages: initiation and maturation.
The Effect of Growth Hormone on Lipid Accumulation or Maturation in Adipocytes

Introduction
Growth hormone (GH), a 22-kDa polypeptide, is secreted in anterior pituitary gland, exerts important biological and physiologic effects [1, 2] . Pulsatile GH secretion plays a major role in controlling longitudinal growth in children, and in the human body, GH stimulates protein synthesis at the whole-body level, whereas in muscle tissue it inhibits glucose disposal [3, 4] . Growth hormone has also been shown to be involved adiposity. In obese subjects, GH secretion is reduced, and GH levels are inversely correlated with abdominal fat mass; GH secretion can be restored after a massive weight loss [5] .
GH exerts biological effects directly on target cells by binding to cell membrane receptors (GHR) or/and through insulin-like growth hormone factor-I (IGF-I). The binding of GH to GHR activates the tyrosine kinase Janus kinase 2 (JAK2) and triggers a series of signal pathways including the signal phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK) and signal transducer and activator of transcription 5 (STAT5) pathway [6] . GH activates PI3K and ERK signaling pathways similar to that of insulin which is an essential hormone for adipogenesis, therefore, GH may have similar effects on the initiation and transformation of pre-adipocyte differentiation into adipocyte, as suggested by Doglio and Nixon [7, 8] . Our previous data showed that insulin has a synergistic effect on GH induced STAT5 activation [9] .
Obesity is a chronic metabolic disease due to fat accumulation [10] , and is associated diabetes [11, 12] . Obesity can be considered as a hypertrophic disease resulted from an increase in the number or size of individual adipocytes. Adipocytes are differentiated from pre-adipocytes. Under certain conditions, GH acts on adipose tissue to increase lipolysis, leading to the release of free fatty acid (FFA) into the blood in human and rodents [6] . In and leptin levels [13] . GH stimulated lipolysis has been demonstrated in animal study [14] . However, GH was also shown to promote adipose differentiation in other studies [7, 8] .
Therefore, the precise effect of GH on the fate of adipocytes needs further investigation. The related mechanism of GH modulating the size of adipocyte or the mass of adipose tissue also needs exploring.
In the present study, we designed a serial of experiments to determine whether GH inhibits adipocyte maturation or lipid accumulation in transformed pre-adipocyte during adipogenesis.
Materials and Methods
Reagents and antibodies
USA). Recombinant human GH was kindly provided by Eli Lilly & Co. (Indianapolis, IN) . Primers used in this study were synthesized in Genomics Institute of HuaDa in Beijing. All other reagents were purchased from Sigma (St. Louis, MO, USA). Polyclonal antibody against (Santa Cruz, CA); polyclonal antibody against fatty acid synthase (FAS) was from Proteintech Group, Inc antibodies were purchased from ZhongShanJinQiao, Inc (Beijing, China).
Culture and differentiation of 3T3-F442A pre-adipocytes
4.5g/L glucose, supplemented with 10% FBS, 50 μg/mL streptomycin and 100 U/mL penicillin until they 10 μM insulin, 1 μM dexamethasone, and 0.5 mM 3-isobutyl-1-methylxanthine. Medium was changed after 2 days with DMEM containing 10% FBS and 10 μM insulin. Cells were then cultures with DMEM containing 10% FBS every other day. At 12 days, approximately 80% 3T3-F442A cells were differentiated into GH treatment in mature adipocytes or GH intervention during the process of adipogenesis To investigate the role of GH in the process of adipocyte differentiation, 3T3-F442A pre-adipocytes were treated with GH (125 ng/mL) during the whole process of adipogenesis. In order to clarify the role of ng/mL). Cells without GH treatment in both experiments were used as controls.
Animal experiments
Male C57/BL6 mice, aged 6-weeks, weighing 16-20 g, were purchased from the Experimental Animal Center of Shandong University. Animal experiments were carried out according to the 'Principles of laboratory animal care' established by the National Institutes of Health, and approved by the ' Animal Care and Use Committee' of the Shandong University (Number: MECSDUMS 2011055). Mice were maintained under diurnal lightning conditions at 25°C with free access to tap water and food. 20 mice were fed with a high-fat diet containing 20% fat and 10 mice were fed with normal diet. Animal body weights were monitored once a week until the difference in body weight between high-fat diet and normal diet mice exceeded 30%. These mice with bigger body weight were regarded as obese mice. The obese mice were randomly divided into two groups: the "control group" and "GH group". GH group mice were injected intraperitoneally (i.p.)
were injected with same volume of saline. Prior to injection, all mice were fasted overnight. Finally, after GH adipose tissues were collected for quantitative real-time PCR analysis.
cDNA microarray analysis
(Boao capital, Beijing, China) for mice (28793 oligoclones). GH treated or non-GH treated 3T3-F442A adipocytes were solubilized in Trizol (Invitrogen, USA) and total RNA was prepared according to the manufacturer`s suggested protocol. RNA samples were reverse transcribed and labeled for microarray analysis using -script II reverse transcriptase in the presence of 2-aminoallyl-dUTP as described previously. Imaging and Table 1 . Sequence information for the primers used for PCR or qPCR image analysis were performed in a LuxScan 10KA scanner (CapitalBio, Beijing, China).
as outliers if the calibrated red to green ratio was greater than 2.0 for all genes that had a minimal intensity of 1500 and a maximal intensity of 6000 in either channel.
Quantitative Real-time PCR (qPCR)
Total RNA was extracted from treated adipocytes as indicated using Trizol reagent (Takara Bio Inc., Dalian, China) and was reversely transcribed into cDNA using PrimeScript RT reagent Kit With gDNA Eraser (Takara Bio Inc.). The qPCR was performed on a Roche LightCycle 480 (Roche, Penzberg, Germany) with an initial enzyme activation step of 3 min at 95 ºC, followed by 40 cycles of two-step PCR (95 ºC for 45 sec; 60 ºC, 60 sec). Primers can be found in Table 1 
Enzyme-linked immunosorbent assay (ELISA) for adiponectin
During the process of F442A adipogenesis either with GH intervention or non-GH intervention, the culture mediums were collected and centrifuged (12,000 rpm) for 10 min to remove debris. The supernatants were collected for adiponectin measurements using enzyme-linked immunosorbent assay (Elisa) Kits (cusabio, Wuhan, China) according to the manufacturer`s instructions. In brief, standards and samples were pipetted into a 96-well microplate which has been pre-coated with adiponectin antibody.
to the wells. After washing, avidin conjugated horseradish peroxidase (HRP) was added to the wells. Following a wash to remove an unbound avidin-enzyme reagent, tetramethylbenzidine (TMB) substrate was incubated protect from light in each well and was stopped with H 2 SO 4 stop solution. The optical density was measured with a microplate reader (iMark, Bio-Rad, USA) at 450 nm. Relative adiponectin protein levels were normalized to standards.
Statistical analysis
All data are presented as mean ± SEM from at least three independent experiments. Relative expression in vivo and in vitro experiments, is presented as comparison of quantitative data of two groups, Student`s t-test was used, and for multiple comparisons above control due to GH at each time point, one-way ANOVA was used (SPSS17.0 software). P < 0.05 was
Results
GH modulates the expression of genes related to adipocyte maturation and lipid Synthesis during adipogenesis
During the process of adipogenesis in 3T3-F442A pre-adipocytes, we examined the expression of two adipogenesis regulators (C E P and PPAR ) (Fig. 1A and 1B ) and two lipid synthesis related genes (FAS, FABP) (Fig. 1C and 1D) , and found that the mRNA expression of C EBP , PPAR , FAS and FABP reached their peaks on day 6 in pre-adipocytes without GH treatment (Fig. 1A-1D ). While the mRNA levels of FAS and FABP were reduced in 3T3-F442A pre-adipocytes treated with GH in different time points (from day 1 to day 12) 
GH has the effect on protein expression of C EBP PPAR FAS and adiponectin
and FAS from day 6 till day 12 during adipogenesis of F442A pre-adipocytes. To determine the role of GH in regulation of adiponectin secretion during the maturation of lipids, the was less than 6.5%, and the CV of inter-assay was less than 8%. The data presented in Fig. 3B were inter-assay values analyzed from the means of three parallel intra assays.
GH regulates the expression of genes associated with lipid metabolism in mature 3T3-F442A adipocytes
control cells. Of the 23 genes, 14 were up-regulated and 9 down-regulated ( Table 3 ). The data of this array have been deposited in NCBI`s Gene Expression Omnibus and are accessible through GEO Series accession number GSE86830. The Gene Ontology (GO) categories showed that 18 genes are associated with lipid metabolism (Table 4) . GH inhibited the expression of several genes in fatty acid biosynthesis and elongation pathway at 24 h (Fig. 5 ).
RT-PCR for genes, Adipor2 and SOCS2 (Fig. 4C and 4D ). After the differentiated 3T3-F442A adipocytes were treated with GH (125 ng/mL) for 24 h, the mRNA expression of Adipor2 was increased by 3-5 folds and the mRNA level of SOCS2 was increased by 28-folds compared to non-GH treatment control cells.
GH modulates the expression of genes related to lipolysis in differentiated 3T3-F442A adipocytes
increased the mRNA levels of adiponectin and UCP1, (Fig. 6C and 6E) , while the expressions of HSL and leptin In the present study, we investigated the effects of GH on expression of genes related to lipid accumulation or degradation in 3T3-F442A pre-adipocytes during differentiation, as well as the effect of GH on expression of genes related to adipocyte maturation in 3T3-F442A adipocytes and in obese C57/BL6 mice.
The process of pre-adipocyte differentiation into adipocyte is called adipogenesis. The major features of differentiated adipocytes include morphological change, growth arrest, highly expression of lipogenic genes and production of hormones like leptin. And some adipokines such as leptin and TNF-may limit the degree of maturation of preadipocytes [12] . C/EBP and PPAR are two important markers or lipogenic genes for pre-adipocyte transformation into adipocyte, and for adipogenic diferentiation from multipotent mesenchymal stem cells to mature adipocytes [15] . After this critical transformation, the adipocyte will accumulate more triglyceride, which is called maturation. Therefore, adipogenesis includes two stages, one is initiation and transformation, the other is maturation.
the adipocyte differentiation program [16] . Nixon reported that GH presented in serum promoted the conversion 3T3 cells into adipose cells [7] . Kawai reported that GH induced Waters reported transgenic mice with abolished STAT5B activation resulted in obesity [18] , It has been reported that the mRNA expression of 22 genes associated with lipid metabolism was modulated in 3T3-F442A adipocytes in response to GH for 48 h by exploiting microarray analysis [19] . Our microarray data showed that the mRNA expression of 18 genes associated with lipid metabolism changed in mature 3T3-F442A adipocytes upon GH treatment for 24 h. Among these 18 genes, Adipor2 and Fads1 were up-regulated, and genes such as Scd2, Ltc4s, Acox1 and Scd1 were down-regulated by GH. These genes are overlapped with the published data and the trend of these genes' expression in response to GH is in concert with the published data [19] . It is also concluded by Jessica Schwartz's group that prolonged GH treatment inhibits genes associated with lipid and cholesterol biosynthesis [19] ; in their report, some genes involves in fatty acid synthesis or cholesterol synthesis pathway were reduced in mRNA expression in 3T3-F442A adipocytes upon GH treatment for 48 h [19] . As well as in the published article, our microarray data showed GH down-regulates Scd1 and Scd2, which are closely related to unsaturated fatty acid (oleic acid) biosynthesis. Our microarray data also exhibited that GH increased the expression of acyl-CoA dehydrogenase (Acadsb though the increased fold is not so big, potentially GH has the impact on fatty acid clearance. Besides, our microarray data also showed that GH down-regulated Fabp4, which is essential Table 4 . Genes associated with lipid metabolism change in mRNA expression in 3T3-F442A adipocytes upon GH treatment for 24 H for adipogenesis and lipid accumulation. Our data clearly showed that GH in differentiated adipocytes increased the expression of SOCS2, indicating that GH potentially inhibits fatty acid synthesis and triglyceride synthesis in adipocytes.
in the etiology of obesity-related chronic diseases, such as insulin resistance and type 2 thereby reduce lipid content [22] . When adiponectin binds to its receptors (Adipor1/2), it activates adenosine 5`-monophosphate-activated protein kinase (AMPK), promoting glucose uptake by skeletal muscle via intracellular translocation of the glucose transpoter type 4 (GLUT4). Animal studies showed that Adipor1 transgene mice enabled mice to resist high fat/high sucrose diet-induced obesity while decreasing lipid accumulation [23] . We found that in mature F442A adipocytes, GH treatment increased the abundance or availability of adiponectin receptors, and increased adiponectin protein expression. Our animal study also Adipor2 in epididymal adipose tissue from obese mice. levels reached their peaks at 4 day post initiation of differentiation of pre-adipocytes.
Insulin is an essential hormone for adipogenesis. GH activates PI3K and ERK signaling pathways similar to that of insulin, therefore, GH was suggested to have similar effects on the initiation and transformation of pre-adipocyte differentiation as insulin [7, 8] . Our previous data showed insulin and GH has synergistic effects on GH induced STAT5 activation [9] . In the present study, We found that in mature adipocyte, GH treatment reduced the expression accumation of adipocytes or adipocyte maturation. During adipogenesis, GH intervention the initiation of adipogenesis, which indicated that GH has inhibitory effect on adipocyte changes were detected (data not shown). Waxman once reported STAT5B activation FAS and FABP are two genes directly related to adipocyte lipid synthesis. Our data FAS and FABP, GH intervention markedly reduced the protein expression of FAS at day 4 day after the initiation of adipogenesis. In mice epididymal adipose tissue, the mRNA levels of FAS and FABP that GH inhibits adipocyte maturation and lipid synthesis in mature adipocytes.
The biological role of UCP1 is to uncouple ATP synthesis from respiratory chain, leading to thermal heat production or energy storage reduction in adipose tissue in small mammals to heat in brown adipose tissue. In this present study, we found that during the maturation process of F442A adipocytes and in primary adipose tissue, GH intervention markedly increased UCP1 expression, which indicated that GH might endows F442A adipocytes or adipocytes in adipose tissues some features of brown adipocytes.
To determine whether GH is involved in lipolysis, we examined its effects on the expression of HSL and ATGL. HSL is a rate-limiting enzyme for lipolysis, while ATGL plays essential role in the initial step of triglyceride hydrolysis [27] . During adipogenesis of F442A pre-adipocytes, GH treatment showed no obvious effect on the expression of HSL or ATGL. Of note, in animal study, we found that GH was able to enhance the expression of HSL and ATGL in adipose tissues. It is possible that GH may have no direct effect on ATGL and HSL expression, but could increase ATGL and HSL expression in vivo via an indirect way.
In summary, we found that during the process of adipogenesis, GH decreases the expression of adipogenic genes and increases the expression of UCP1 and adiponectin, which is likely to reduce lipid storage. In mature adipocytes, GH reduces the expression of important expression of lipid reduction genes such as adipor2, SOCS2 and adiponectin. These results indicate that GH negatively modulates adipocyte maturation and lipid accumulation. 
